Physiological traits are frequently used as indicators of tree productivity. Aquilaria species growing in a research planting were studied to investigate relationships between leaf-productivity traits and tree growth. Twenty-eight trees were selected to measure isotopic composition of carbon (δ 13 C) and nitrogen (δ 15 N) and monitor six leaf attributes. Trees were sampled randomly within each of four diametric classes (at 150 mm above ground level) ensuring the variability in growth of the whole population was represented. A model averaging technique based on the Akaike's information criterion was computed to identify whether leaf traits could assist in diameter prediction. Regression analysis was performed to test for relationships between carbon isotope values and diameter and leaf traits. Approximately one new leaf per week was produced by a shoot. The rate of leaf expansion was estimated as 1.45 mm day −1
Introduction
Physiological traits are commonly used as an indicator of crop productivity. The examination of traits with a potential relationship with growth performance can lead to the identification of characters of use for early selection within tree breeding programs. In forestry, where stem increment is desirable, some leaf characteristics have been used to identify highly productive genotypes (Bunn et al. 2004 , Marron et al. 2007 . Leaf traits with a potential to predict physiological performance and growth include content of carbon and nitrogen, specific leaf area (SLA), leaf area (LA), petiole length, leaf density and carbon isotope ratios (Marron et al. 2005 , Martínez-Garza et al. 2005 , Dillen et al. 2009 ).
Leaf stable carbon isotope ratios (δ 13 C) can provide detailed information about physiological processes in plants. Values of carbon isotope ratios represent a relationship between discrimination against 13 CO 2 during gas exchange and the ratio of intercellular and atmospheric CO 2 concentrations (c i /c a ) (Farquhar et al. 1982 , Dawson et al. 2002 . This value can provide a retrospective measure of the long-term environmental and physiological effects that influence CO 2 diffusion and CO 2 consumption (Farquhar et al. 1989, Sparks and Ehleringer 1997) . Variations in leaf δ 13 C values have been attributed to environmental conditions and genetically controlled physiological parameters (Dawson et al. 2002 , Cernusak et al. 2013 . For example, leaf δ 13 C is influenced by irradiance (Waring and Silvester 1994, Martinelli et al. 1998) , soil moisture (Ehleringer and Cooper 1988) , nitrogen availability (Guehl et al. 1995 , Livingston et al. 1998 and CO 2 concentrations (Bettarini et al. 1995) . Several studies indicated that genotype could influence carbon isotope values Johnsen 1995, Johnsen et al. 1999) . Carbon isotope ratios can be used as an indirect and integrative measure of plant water-use efficiency (Farquhar and Richards 1984) , photosynthetic capacity (Virgona and Farquhar 1996) , stomatal conductance, leaf nitrogen content (Sparks and Ehleringer 1997) and relative growth (Ehleringer 1993) . In a common Sonoran desert shrub Ehleringer (1993) found that individuals with high leaf carbon isotope discrimination (corresponding to more negative values of δ 13 C in leaf biomass) had greater growth rate when neighbouring competitors were removed. This result is consistent with those reported by Condon et al. (1987) and Masle and Farquhar (1988) for wheat seedlings. However, Poorter and Farquhar (1994) , when studying carbon isotope discrimination, transpiration and intercellular CO 2 concentration across 24 wild species with different relative growth rates, found no relationship between 13 C discrimination and growth parameters, except with the fractional root biomass allocation and specific root length. Fardusi et al. (2016) analysed the pattern of the relationship between δ 13 C and productivity across 34 non-tropical woody plants, and found a positive global intra-specific relationship between δ 13 C and growth, which was stronger for biomass than height and non-significant for diameter.
Leaf morphological attributes have been demonstrated to be a useful tool for predicting growth. For instance, Dillen et al. (2009) found that individual LA of the largest leaf along the main stem in a Populus population was one of the best growth predictors irrespective of the site and family. Moreover, leaf production rate was strongly correlated with growth in one of the families evaluated. Possen et al. (2014) , studying the differences between genotypes of Betula pendula using 13 physiological and morphological traits and their relation to growth, established that SLA and the fresh mass to dry mass ratio correlated well with total biomass. These values were consistent across years of evaluation for genotypes of high yield biomass. Marron et al. (2005) found that LA and SLA were better predictors of productivity than leaf number increment and LA increment rate in Populus deltoides × P. nigra clones. Bunn et al. (2004) showed that the most productive genotypes of Populus had rapid rates of leaf expansion and low rates of leaf production.
Aquilaria species produce a highly prized, fragrant resin known as agarwood. This resin has a long history of use since ancient times (Miller 1969) . Agarwood is now widely traded and used for perfume, incense, medicine and religious and secular purposes (Barden et al. 2000 , Hansen 2000 , Jung 2011 ).
This valuable non-forest product is formed in the wood after a process of injury and pathogen attack (Donovan and Puri 2004, Persoon 2007) . Aquilaria species comprise shade-tolerant trees that grow in the understorey of mature tropical forests of southeast Asia (north-eastern India to southern China, Cambodia, Laos, Vietnam, Thailand, Malaysia and Papua New Guinea) occurring across a wide range of altitude from a few metres above sea level to 1000 m (Donovan and Puri 2004, FaridaHanum et al. 2009 ). They can be found on various soil types including sandy, rocky and/or calcareous, and in topographic positions ranging from floodplains to steep slopes (FaridahHanum et al. 2009 , Akter et al. 2013 (IUCN 2013) . In recent years a boom in cultivation of Aquilaria species (i.e., A. crassna, A. sinensis, A. malaccensis and A. agallocha) has taken place in the area of natural occurrence of the species to supply the demand for agarwood and alleviate the pressure on natural populations (Hai et al. 1999 , Nakashima et al. 2005 , Persoon 2008 , Hoang Ha and Nghi 2011 , Lok and Ahmad 2011 , Suharti et al. 2011 , Akter et al. 2013 , Jha 2014 , Saikia and Khan 2014 , Rahman et al. 2015 .
In assessing productivity within Aquilaria Lam. plantations particular attention is given to stem diameter as a pre-requisite to induce the formation of agarwood in the wood (decay prevention process) (Blanchette et al. 2005 , Liu et al. 2013 ). Identification of traits that are associated with plant growth and high-yielding trees is considered important to develop early selection criteria. In this study, cultivated Aquilaria Lam. species grown in a single environment were monitored to quantify the relationship between isotope ratios, leaf-productivity traits and tree growth. The aim of this study was to identify physiological and/or morphological traits (or combinations) that are correlated with tree growth characters stem diameter and/or plant height in A. crassna Pierre ex. Lecomte. We tested the hypothesis that tree productivity can be predicted by functional leaf traits, with the view that these traits can then aid in the early selection of high-yielding trees.
Materials and methods

Study site
The study area is located near Innisfail in north Queensland, Australia (17.52°S, 146.02°E), which has a humid tropical climate with an annual rainfall of 3565 mm and mean daily temperature between 20°C and 28°C (Bureau of Meteorology 2015). The soils are classified as Ferrosols, which are high in free iron oxide (ASRI 2015) . Mean daily irradiance measured in a site near to the plantation was 393.51 μmol m −2 s −1
. A research planting of 704
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trees of Aquilaria spp. was established in January 2010, using wild-collected seeds of several Aquilaria species from south-east Asia, on a site previously used for sugar cane production. Trees were grown under full sunlight, with no supplemental water (water supplied by rainfall only), and were subject to standard agronomic practices (fertilization, weed control, pruning and pest control).
Tree selection
Twenty-eight trees of A. crassna, representing a natural range of diameter increments from lower to upper range of the planted population, were measured for carbon isotope ratio and leaf traits. All trees selected for this study were based on measurements of height and diameter at 4.75 years (56.7 months) after planting. The annual increment in diameter at 150 mm above ground level and height across all trees measured in this study was 3.39 cm (±0.72) and 128.02 cm (±33.41), respectively. Four diameter classes were defined (1= 10-12.9 cm, 2 = 13-15.9 cm, 3 = 16-18.9 cm, 4 = 19-23 cm) and seven trees per diameter class selected randomly for this study. The mean diameter of Classes 1-4 was 11.83, 14.59 , 17.86 and 20.01 cm, respectively. These A. crassna trees formed the basis of the stable carbon and nitrogen isotope and leaf trait measures.
Stable carbon and nitrogen isotope measurements
Fully expanded, mature leaf samples from each tree were taken from sun-exposed branches located at the four cardinal compass directions from the top third of the crown (Flanagan and Johnsen 1995) . These were mixed and dried at 65°C, before being finely ground using a ring mill. A subsample of 2 mg of the leaf powder was loaded into tin capsules and combusted in an elemental analyser coupled to an isotope ratio mass spectrometer to determine the relative abundance of 13 C and 15 N. Stable carbon isotope ratios were expressed as δ 
Leaf traits
Six leaf morphology and development traits were recorded between December 2014 and January 2015 every 3 or 4 days over a period of 6 weeks (total of 11 points of measurement), which included the following. ) of the single visibly largest leaf in the canopy was calculated as the individual leaf area divided by the individual leaf dry mass (dried at 70°C for 48 h).
Data analysis
Number of new leaves produced in a shoot was averaged in number of new leaves per week (NL.week) to facilitate representation of the data collected. ANOVA and Tukey tests were calculated to estimate statistical differences between diametric classes and leaf morphological traits (NL.week and Lexp). Linear associations between abundance of carbon isotopes with each of diameter (D) and height (H) and with associated leaf attributes (nitrogen content, C:N ratio and δ 15 N) were determined using linear regression. An explorative analysis was carried out seeking to identify leaf traits that could predict stem diameter variation in Aquilaria. Stem diameter was preferred over height and volume because a certain diameter is required to induce the formation of agarwood in cultivated plants and also height and diameter were highly correlated (see Figure 4) . A model averaging technique based on Akaike's information criterion (AIC) was computed to fit a model that could predict diameter increment. The MuMIn package (Barton 2015 ) and dredge and model.avg functions from R were used to compute the set of best ranked models. The second order AIC (AIC c ) values were used because of the relatively small sample sizes (Symmonds and Moussalli 2011) . A list of best models was specified using confidence intervals at 95%. The predictor variables were standardized using standardize function. The following variables were included in the analysis: petiole width (PeWid, mm), petiole length (PeLen, mm), leaf area (LA, cm 2 ), specific leaf area (SLA, cm 2 g −1
), % carbon (PC), % nitrogen (PN), carbon:nitrogen ratio, leaf expansion (Lexp, mm), number of new leaves per week (NL.week), stable carbon isotope ratio (δ 13 C, ‰) and stable nitrogen isotope ratio (δ 15 N, ‰). Carbon isotope regression analysis with D and H and other leaf traits and the average modelling technique were done with 27 trees, as one observation was treated as an outlier and removed from the dataset. In case of ANOVA and Tukey tests performed between diametric classes and NL.week and Lexp were done with the entire sample (28 trees). All the statistical analyses were run using R (R Development Core Team 2015).
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Results
Leaf development
Three stages in leaf development were determined in Aquilaria species. The first stage is leaf emergence, where the lamina is visible but completely rolled. The second stage commences as the leaf begins unfolding and concludes when it is completely unfolded. Unfolding is observed at the base and apices of the blade. The third stage is leaf expansion, where the entire lamina is unfolded, but still actively expanding in both length and width. The duration of leaf Stages 1 and 2 are each 3 days and Stage 3 will progress for a further 11.5 days until the leaf has achieved its full mature size. The number of leaves growing in a single shoot varied between 1 and 10 leaves, with an average 4 leaves. Approximately one new leaf was produced each week on a given shoot (Figure 1) . Rate of leaf expansion in length was 1.45 mm day . There were no significant differences between diametric classes in leaf expansion rate and number of new leaves per week (P > 0.05).
Foliar carbon and nitrogen isotope ratios
The range of δ 
Relationship between stem diameter and leaf traits
Aside from δ 13 C, correlations between leaf traits and either tree height or stem diameter recorded in this study were generally weak ( Figure 4) . Analysis of the 95% confidence of best-ranked regression models revealed that δ 13 C, δ 15 N, petiole length (PeLen), number of new leaves produced per week (NL.week) and specific leaf area (SLA) were the best predictors of growth (expressed in diameter) in A. crassna (Table 1) . When diameter was modelled as a function of PeLen, δ 13 C, δ 15 N, SLA and NL.
week, it was found that δ 13 C and δ 15 N contributed significantly to the model (Table 2) , and it seems that PeLen could contribute to the model as it was slightly over the 0.05 value. The model with all components could explain 55% (R 2 = 0.55, Table 2 ) of the variability in diameter in A. crassna.
Discussion
Values of δ 13 C in leaves found in this research were less depleted in 13 C than other data reported for tropical trees growing in natural areas. Kapos et al. (1993) studying the foliar variation of δ 13 C for four tropical species growing at different forest condition and canopy position, found that two canopy species reached δ 13 C values between −33.5‰ and −29.4‰, and for two understory species (shaded conditions), between −36.6‰ and −32.2‰. Less negative δ 13 C values were associated with species growing near the edge of the forest. Martinelli et al. (1998) reported an average foliar δ 13 C value of −32.1‰ (±1.5‰ SD) for trees growing in a tropical forest and they asserted that more negative values are characteristic of a higher ratio of stomatal conductance to photosynthesis. Ometto et al. (2006) estimated similar average values to those found by Martinelli et al. (1998) for tropical trees; they proposed that differences in δ 13 C values were associated with height and forest structure. However, foliar δ 13 C values of planted A. crassna were more comparable to plantation species. δ 13 C values reported for a 5-year-old pine tree plantation (Pinus halepensis) in semi-arid 
Variables
Importance N containing models N containing models refers to the number of times the variable is picked in the possible combinations of models. Tree Physiology Online at http://www.treephys.oxfordjournals.org Spain were less negative (−22.6‰ to −21.6‰) than the values estimated for A. crassna trees (Querejeta et al. 2008) .
In this study of A. crassna, tree size (total height and stem diameter) was negatively correlated with δ 13 C. Other researchers have found a link between stem increment and foliar δ 13 C (Ducrey et al. 2008 , Brown et al. 2011 ; however, the relationship has generally been positive, such that faster stem growth was associated with less negative foliar δ 13 C. Because foliar δ 13 C correlates positively with intrinsic water-use efficiency (WUEi) (Farquhar et al. 1982) , these previous findings indicated that faster growth was associated with increased WUEi. The WUEi is defined as photosynthesis divided by stomatal conductance, so it is clear that it can be influenced by either parameter. In Picea glauca, Sun et al. (1996) found a positive correlation between foliar δ 13 C and biomass production, and proposed the likely causal mechanism was variation in photosynthetic capacity. In a genetic study of growth in Picea mariana (Johnsen et al. 1999) , foliar δ 13 C again showed a positive correlation with height growth, and these authors also suggested that these results combined with earlier gas-exchange work (Johnsen and Major 1995) indicated that variation in δ
13
C was due to differences in photosynthetic capacity rather than stomatal conductance. On the other hand, Cao et al. (2012) found evidence across six Populus species for high growth rates being related to both high WUEi and low WUEi, depending on the geographic origin of the species. In A. crassna, the negative correlation between foliar δ 13 C and plant growth (diameter and height), suggests an optimal carbon gain when stomatal conductance is high, allowing carbon dioxide to diffuse more freely into the leaf, and thereby raising the intercellular CO 2 concentration. We suggest that this is a strategy that can be favoured in environments where water is not limiting, such as in the wet tropics. In this case, high stomatal conductance would lead to higher photosynthesis rates with little risk of a penalty for profligate water use in the form of water stress and stomatal closure. In other words, because water is not limiting in this environment, there should be no adverse cost to having low WUEi.
A positive correlation between foliar δ 13 C and nitrogen content was found in A. crassna plantations. Leverkus et al. (2015) found the same trend when evaluating the survival, foliar nutrient status and foliar isotopic composition (δ 13 C and δ 18 O) of two sympatric oak species planted at two different altitudes. Both species had a positive correlation between leaf N content and δ 13 C. Ma et al. (2010) also found a positive relationship between δ 13 C and N content of the youngest fully expanded leaves of Malus rootstock. Previous studies have highlighted the positive effect of foliar N content on photosynthetic capacity (Reich et al. 1994 , Sparks and Ehleringer 1997 , Gough et al. 2004 ). This positive relationship between δ 13 C and nitrogen implies that leaves with higher photosynthetic capacities also had lower intercellular CO 2 concentrations (c i ) (Sparks and Ehleringer 1997) . In our study, the positive relationship between leaf δ 13 C and N content did not translate into higher growth rates in stem diameter or height at higher leaf N contents. It seems that A. crassna trees growing in a high-rainfall tropical environment can benefit more from having high c i than from having high leaf N, because realized photosynthesis rates depend both on N allocation to photosynthetic capacity and on the average operating c i , with either one leading to increased realized photosynthesis. Natural abundance of δ 15 N in plants is a useful tool for evaluating the N status in various ecosystems (Emmet et al. 1998 , Watzka et al. 2006 , Pardo et al. 2007 , Wang et al. 2014 (Watzka et al. 2006 ). In our study, A. crassna grew in sites previously impacted by fertilizer application to sugar cane production, the preceding land use. However, we did not observe relationship between δ 15 N and leaf nitrogen content, and the correlation between leaf δ 15 N and growth was negative. This could indicate a stronger preference for NO 3 -nitrogen in the faster growing trees, in line with their ability to take advantage of the site conditions associated with the abandoned sugar cane plantation. Anatomical and morphological leaf traits are commonly used to assist in the selection of high-productive individuals. In this study, the leaf traits other than δ (Table 2) . In other studies, LA and petiole length have been good predictors of growth (Bunn et al. 2004 , Marron et al. 2007 , Dillen et al. 2009 ). Specific leaf area has been consistently reported as correlated with plant performance (Poorter and de Jong 1999 , Poorter and Bongers 2006 , Possen et al. 2014 . As demonstrated by Reich et al. (1998) SLA can influence the photosynthesis-N relationship. Yu (2001) , however, did not find a correlation between leaf traits and growth (height and diameter) in four aspen hybrid clones. This is the first attempt to link morphological traits and stables isotopes with growth performance in Aquiliaria species. This study reveals that a combination of morphological leaf traits with stable isotopes could support the selection of productive individuals, and contribute to the development of the species as a plantation crop. that reported for trees growing in plantations. Diameter was correlated with δ 13 C and better performance was linked with depleted values in 13 C. A positive relationship was found between δ 13 C and N content. However, the negative relationship between δ 13 C and stem diameter growth suggests that high water-use efficiency associated with high foliar N did not confer a growth advantage. On the contrary, individuals that had high intercellular CO 2 concentrations (low δ 13 C) and therefore low water-use efficiency grew more rapidly. This pattern differs from many studies carried out in non-tropical regions (Fardusi et al. 2016) , and may be the result of the very high water availability at our site. Foliar δ 15 N in A. crassna was similar to other values reported for tropical plants. In A. crassna morphological leaf traits (new leaves per week, petiole length, SLA), and stable carbon and nitrogen isotopes explained 55% of the variability in growth (basal diameter and height), indicating the potential of leaf traits in assisting the selection of productive individuals.
Conclusions
